Behavioral toxicity of toluene has been measured in mice. Because of its small size the mouse can be confined in a 25 1. hermetically sealed chamber for several hours. Toluene was introduced through a port and vaporized by a hotplate. Samples of chamber air for analysis were taken through another port. A smaller mesh cage held the mouse within the larger chamber. Schedule-controlled responding was developed by arranging that a response, breaking a beam of light, was followed by milk under an FI 60-sec schedule. Responding was much more rapid in the presence of stimuli correlated with the FI schedule than when the schedule was not operating. Standard sessions consisted of alternating series of 8 consecutive FI 6dsec and interseries 30-min time-outs.
INTRODUCTION
NHALATION of organic solvents occurs in the workplace and also as a form of drug abuse. Although I there has been increased interest in the behavioral effects of these agents in recent years, relatively few studies have directly determined dose-effect functions for volatile agents. The relationship between concentration and effect, the dose-effect curve, must be determined for quantitative assessment of the hazards such compounds pose. In view of the large number of organic solvents in use 'Laboratory of Psychobiology, Department of Psychiatry, Harvard Medical School. today, and the continual introduction of new agents, there is a need for relatively quick and inexpensive methods of assessing their behavioral toxicity.
Most studies in inhalational toxicology have used flow-through chambers, mainly because in a sealed chamber the concentrations of oxygen, carbon dioxide, and added inhalant must all change continuously with time. Flow-through chambers require rather complex and expensive flowproducing, flow-control, and mixing systems, which can malfunction, so the concentrations of agents around the subject must be monitored frequently. The development of reliable means of assessing behavioral performance in the mouse".') raises the possibility of assays of behavioral toxicity in a closed system. The small size of the mouse, and consequent small absolute oxygen and inhalant uptake and carbon dioxide output make it possible to confine a subject for a reasonable time in a hermetically sealed chamber of manageable size, yet large enough for the concentration changes to be acceptable. With closed chambers, brief exposures, and mice as subjects, the screening of large numbers of agents becomes feasible.
To explore possibilities, toluene has been chosen as the prototype agent. Toluene is a widely used industrial solvent and has been the main solvent abused. In addition, as the behavioral effects of toluene have been studied, perhaps more than any other solvent, they permit comparisons with earlier findings. It has been reported that, in man, blood levels of toluene reach an asymptote after 25-30 min exposure to a constant concentration in inspired air.'') The approach to steady-state would be expected to be much faster in the mouse because minute volume and cardiac output are related more closely to surface area than body weight, and the former is far greater, relatively, in the mouse than in man. The oxygen consumption per unit weight is about 8-10 times greater in mouse than in man.") There has been, however, a report that tissues come to steady-state with inspired toluene only very slowly.'51 The present experiments address this issue.
Previously, the effects of toluene on responding of rats under a mult FI DRL schedule* have been reported by Colotla, Bautista, Lorenzana-Jimenez, and Rodriguez. 16) They used a closed chamber and a 36 min session. Liquid toluene in amounts of 0.25,0.5, 1.0, and 2.0 ml, was put in a glass dish placed below the grill floor of the chamber; in the 100 I chamber these amounts when fully vaporized give nominal concentrations of 574. 1148,2296, and 4595 ppm. The concentrations that were actually attained in the chamber were not measured: rather than being constant the concentration presumably increased as the toluene evaporated. F' R responding was reduced by about 40% of control by 0.25 ml, but the addition of larger amounts caused hardly any greater effect so that even 2.0 ml caused less than a 50% reduction. DRL responding was increased, the increase becoming greater as the amount of toluene added was increased, up to the highest level studied. TO responding, when no schedule of reinforcement was in effect, was also increased by toluene. Responding of rats, under a postponement schedule (continuous or Sidman avoidance), has been studied in 4 consecutive 20-min periods following exposure to 350, 750, or 1500 ppm of toluene for 1, 2, or 4 hr in a flowthrough chamber.") The clearest effect was an increase in rate of responding in the first 20 min following 2 or 4 hr of exposure to 1500 ppm. As this was the only clearly effective lwel, and as the subjects were studied in the recovery phase, it is not possible to estimate an EC 50. Performance of 2 pigeons under an FCN 20 schedule, while in the recovery phase following 4 hr of flow-through exposure to toluene, has been reported by Weiss, Wood, and Macys.(*) Overall rate of responding was increased at low concentrations, with a peak effect after 800 ppm, while after 3200 ppm responding was abolished in one subject for almost 30 min. The effects of toluene on mult FR FI performance of 3 rats has been reported by Geller, Hartmann, Randle, and Gause.(9' Three rats were exposed to 150 ppm for 4 hours in a flow-through chamber. A11 3 rats showed an increase in responding under both FR and FI sometime during the first hr but thereafter the effects were not consistent. The concentration of 150 ppm is much less than the concentrations found effective by assemble information on dose-effect relations for toluene exposure.('o) Several reports, which have been published since the present work was completed, corroborate the rate-increasing effect of toluene on behavior. One report from this laboratory showed that subacute exposure to 500 ppm toluene was generally without effect on FI responding in the mouse while repeated exposure to lo00 ppm consistently increased rates of responding; repeated exposure to 2000 ppm decreased responding, more with repeated exposure.'") DRL responding in the mouse was increased when assessed after exposure to 800-3200 ppm toluene in a closed chamber;('2) following exposure to 6400 ppm responding was decreased.
MATERIALS AND METHODS

Subjects
Subjects were male white mice descended from the Charles River CD1 strain. Each mouse was deprived of food, for.approximately 2 days, until it weighed 80% of its free feeding weight. The mice were then maintained at this level throughout the experiments by controlled feeding. The actual weights were between 28.4 and 32.0 g. Mice were housed individually.
Apparatus
A preliminary description of the apparatus has been given by DeWeese and Dews. (13) The chamber itself was a 25-liter pressure cooker (Wisconsin Aluminum Foundry, Manitowoc. WI., Figure I ). The smaller inner chamber in which the mouse was confined (the mouse chamber) was made of stainless steel wire cloth (200 mesh) supported by metal strips along the edges. The dimensions of the mouse chamber were 9 by 8 cm and 9 cm high. The mouse chamber rested on a perforated stainless steel plate. Below the plate was a fan mounted on the same axis as a magnet. The magnet was driven by a magnetic stirrer motor under the outer chamber. There was a port in the side wall for the introduction of liquid solvent. Solvent was injected through the port into a glass dish sitting on an electric heater. The heater was then activated to vaporize the solvent. In the top of the chamber was another port for withdrawal of samples of the chamber atmosphere for analysis.
In the center of the front wall of the mouse chamber was a hole 1 cm in diameter. 2 cm above the floor. Immediately behind the hole a beam of light traversed the horizontal diameter, falling on a photocell. The beam was broken when the mouse inserted the tip of its nose into the hole. Above the hole were three small LEDs. At floor level below the hole was a small cup into which evaporated milk could be pumped in 0.025 ml batches through a tube from outside the chamber. The electrical connections from the mouse chamber to the outside of the chamber were enclosed in a metal conduit. Thus all surfaces exposed to the atmosphere of the chamber were either glass or metal and there were no sources of sparks.
Behavioral Program
Each break of the light beam to the photocell constituted a response. Milk was delivered following a response according to an FI 60-sec schedule. During the FI, the LEDs were on for 90 msec and off for 40 msec in regular alternation. When the LEDs had been blinking for 60 sec, the next response led to delivery of milk, and the LEDs no longer cycled. When the LEDs were not operating, responses were recorded but had no other programmed consequences (time-out or TO). There was a 5-sec TO after each presentation of milk and after each series of 8 consecutive FI 60-sec TO 5-sec cycles there was an 18Wsec (30-min) interseries TO. If 8 FI Wsec TO 5-sec cycles did not occur within 9.5 min, the interseries TO began automatically. The sequence of alternating FI series and interseries TO was repeated several times to comprise a daily session. 
Behavioral Training
Mice were trained under the schedule for several sessions prior to exposure to toluene. No special training was required and behavior became reasonably consistent under these conditions within about 10 sessions.
Analytical Procedures
One ml gas samples were withdrawn from the chamber in a gas-tight syringe (Precision Sampling Corp., Baton Rouge, LA) and analyzed by flame ionization in a Hewlett Packard 5830A Gas Chromatograph. A Gft, one-eighth inch diameter column, filled with 8G100 mesh Super Porapak Q beads was used. Flow rate was 30 c d m i n and oven, injector and FID temperatures were maintained at 230,250, and 30O0C, respectively. The peak area of samples was integrated by an HP 18850A terminal, and calibrated with an external standard daily. Samples were obtained shortly after the introduction of toluene, and twice during each series.
Procedure
Total numbers of responses in each FI series was recorded. The number in the first series in each session was not included in tabulation of results. Numbers of responses in the next two series (2nd and 3rd) provided the control values for the session. Except in control experiments, toluene was introduced into the chamber at the end of the third FI series (and hence 30 min before the next series).
In many experiments additional toluene was introduced at the end of subsequent FI series. As the chamber was not opened during the session in such experiments, the concentration in the chamber increased incrementally, with each addition, yielding a cumulative concentration-effect curve.
Agent
Toluol (Fluka AG), of purity greater than %.5%, was used.
RESULTS
Performance of Chamber
Chamber concentrations reached asymptote within 60 sec of the addition of toluene. The disap pearance of toluene from the sealed chamber was studied both when the chamber was empty, and when the usual apparatus was contained in the chamber and also when a mouse was contained in the apparatus. Starting with a nominal concentration of 1000 ppm, the disappearance was followed over the course of 8 hr ( Table 1) . The empty chamber lost, on the average, only 0.2% of its toluene concentration per hr while the chamber containing the apparatus lost 1.5%. The presence of a moue increased the rate of loss to 3.7%.
A high concentration of toluene (l0,OOO ppm) was maintained in the chamber with no mouse present for several hours. The chamber was then opened and aired for 5 min and then resealed. Five min later the atmosphere of the chamber showed only 11 ppm toluene, but the concentration then rose to about 200 ppm at the end of 1 hr and 550 ppm at the end of 24 hr (5.5vo of the initial concentration and about half the "lost" toluene). In other experiments proportionate recoveries were comparable when the initial concentration of toluene was lo00 ppm rather than 10,ooO ppm. Figure 2 shows rates of responding during FI series were much higher than those during the interseries TO, for a mouse that was allowed to remain in the chamber for 24 hr with alternating series of Note that after the initial series (anomalous here as it often was, and therefore discarded) there was only a slight downward trend, and responding was well maintained through the session. Responding during the interseries TO periods was less than 10% of the rate during the FI series. 8 cycles of FI 60-sec TO 5-sec and 30 min interseries TO periods occurring throughout. There was a slight trend toward lower rates of responding in successive series, but responding was well maintained throughout the session.
Performance of Mouse
Control Performance
The mean and standard deviations of responding in 5 consecutive series after the control series in the absence of added agent is shown in Figure 3 . The points show the averages for 10 mice. The mean rates in the consecutive series were very close t o mean control levels (average = 0.98 control) and showed no trend over the 5 consecutive series. The coefficient of variation of a given series in the different mice averaged about 0.2 (from the S.D. shown in Figure 3 ) but the coefficient of variation for the 5 consecutive series in a session for a single mouse was only 0.12, so within-session comparisons were more efficient. For experiments with incremental dosing, control rates of responding Rates of responding of 10 mice in the 4th through 8th series in a session as a fraction of the
Effects of Toluene
Toluene was added to the chamber at the end of the 3rd FI series in amounts to give nominal concentrations in the chamber from 250 ppm to over 4000 ppm. Measured chamber concentrations varied (S.E.M.) less than 5.8% of the mean concentrations shown. The effects on responding in the 4th series, thus after 30 min exposure, is shown in Figure 4 (open circles). Responding was only slightly affected by the two lowest concentrations and increased to approximately 1.45 of control by concentrations slightly greater than 700 ppm; larger concentrations decreased responding. The variability in effect averaged 13.7% (S.E.M.).
In other experiments toluene was added incrementally at the end of the 3rd, 4th, 5th series and so on, to give similar nominal concentrations to the single addition experiments (closed circles, Figure  4 ). Measured concentrations varied less than 4% of those shown while the variability in effect was less than 9.6%. Inspection of the curves shows that, to a first approximation, they are similar. As wiqh single concentrations, incrementally achieved intermediate concentrations increased responding. Further increases in concentration then led to monotonically decreasing responding until all responding ceased.
Three individual incremental experiments are illustrated in Figure 5 . The progression through in-c ppm Toluene
FIG. 4.
Concentration-effect curves for average rates of responding during the FI series as a fraction of control. Open circles: means of not less than 3 mice exposed for 30 min (i.e., the 4th FI series) to each concentration of toluene. Closed circles: means for 10 mice exposed to incrementally increasing concentrations of toluene prior to the 4th, and succeeding. series). The abscissa shows the mean concentration measured during the series.
creased responding to decreased and abolished responding with increasing concentration can be seen in the individual mice. An increase in responding was seen in 8 of the 10 subjects studied under incremental concentrations. The mean concentration for the largest recorded increase in the 8 subjects showing an increase was about 700 ppm and the mean maximum increase was to 1.4 of control. Interseries TO responding was increased up to a mean of 2.0 of control by 700 ppm. The largest relative increases tended to occur in mice with very low TO rates (e.g. one mouse with a control rate of 0.005 responsedsec showed a 10-fold increase in TO responding at intermediate concentrations).
For the mice shown in Figure 5 , concentrations as low as 1300 ppm could decrease behavior. Decreases occurred in most mice during exposure to concentrations greater than 2000 ppm. For the experiments with incremental additions, 1 n concentration-effect curves were fitted to the descending part of the curve for individual experiments. Lines were fitted (linear regression) from the highest concentration to decrease responding by less than 20% to the lowest concentration to decrease responding by more than 80%. The mean slope was -1.23 for (proportional decrease)/ (1 n concentration) and the antilog of the mean of the estimated 1 n EC 50s was 1657 ppm.
When the lid of the chamber was removed for a 30 min interseries TO period and then replaced immediately before the next FI series, the effects of even prolonged exposure to toluene were largely dissipated (Figure 5 ).
DISCUSSION
The feasibility of a sealed chamber technique for the study of behavioral effects of volatile solvents depends on changes in the concentrations of oxygen and carbon dioxide and the volatile solvent in the chamber not exceeding acceptable limits during the time necessary to assess the Changes in the concentration of toluene are considerably greater as is to be expected from the substantial metabolism of inspired toluene. The total loss of toluene was a little under 4%/hr, which is acceptable in experiments of 1-2 hr duration. About half of the loss was attributable t o the mouse ( Table 1 ). The very slight loss of toluene from the empty chamber shows that leakage from the chamber is a minor problem. The disappearance when the chamber contains the apparatus, and the reappearance when, following toluene exposure, the aired chamber is resealed, shows that some solvent must be dissolved or adsorbed by the contents of the chamber. The amounts involved were not irnporfant for the present series of experiments. It is probable that the loss could be decreased, if it became important to do so, by improving the seals on the metaI boxes containing the electrical equipment within the chamber.
The variability of the control performances shown in Figure 3 is substantial, but it must be remembered that the data points are of numbers of responses occurring in only 8-min samples of behavior for individual subjects. The closeness of the averaged values to 1 in Figure 3 indicates that unbiased estimates of rather high precision can be obtained from manageable numbers of subjects. Incremental addition of solvent in successive series permits a dose-effect curve to be determined on a mouse in a single session, thus taking advantage of the lower variability for series within a session. In addition the time involved in establishing control values need be expended only once for each doseeffect curve rather than once for each dose, representing a reduction by more than half in the total time required. The disadvantage of cumulative dosing is that the effects of exposure to the final concentration in the 30 min before a series is imposed on a mouse that has already been exposed to lower concentrations over a considerable period of time, often hours. If the agent were cumulating, the effects of a final concentration would be exaggerated by the already existing load. While the present results do not eliminate the possibility of cumulation, the similarities of the single dose-effect curves of Figure 4 suggest that the cumulation is not sufficient to invalidate the method of incremental dosing as a useful procedure. In addition, these curves also indicate that the major part of the effect of a given concentration of toluene is achieved already at 30 min of exposure. If the tissue levels continue to increase in the manner that has been reported,(s) then the greatest amount of the accumulating toluene must be sequestered in a pharmacologically inactive form.
In agreement with previous workers, an increase in rate of responding has been found rather consistently at some concentration of toluene.(io) We found the optimum concentration for increases to be around 700 ppm, which does not conflict with previous reports on effects in rats and is totally consistent with previous effects seen in mice.(1i.i2) Similarly our estimate of EC 50 for reduction of responding of 1657 ppm does not clearly conflict with previous reports.
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GLOSSARY
For studies in behavioral pharmacology and toxicology, the behavior to be studied is often generated and controlled by a schedule of reinforcement. The various schedule-dependent performances on which the effects of toluene have been studied are as follows: FI x sec. This is the schedule used in the present work and is explained in the methods section.
Under FI x sec, a behavioral response is followed by reinforcing stimuli (commonly presentation of food) when the response occurs more than x sec after the onset of stimuli (such as lights). FR x. Every x th response in the presence of particular stimuli is followed by reinforcing stimuli. mult FR FI. In individual experimental sessions, both FR and FI components occur, each associated with its characteristic stimuli. The sequence of components may be regular or' irregular. DRL x sec (now usually called IRT > x sec). In the presence of particular stimuli, a response following a preceding response (interresponse time or IRT) by more than x sec is followed by reinforcing stimuli. Postponement x sec. Each response in the presence of stimuli postpones, for x sec, the occurrence of an event (usually electric shock) that would otherwise occur. FCN x. In a chamber with 2 response keys, when one key has been operated x times, a single operation of the other key is followed by reinforcing stimuli.
